Diffuse intrinsic pontine gliomas (DIPGs) account for 10%-15% of brain tumors in children and are the leading cause of brain tumor-related deaths in children. [1] [2] [3] DIPGs are infiltrative, highly aggressive tumors and involve ≥50% of the pons, resulting in death within one year from diagnosis. [1] [2] [3] 
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displacing neuronal cell bodies and axonal tracts, and sometimes through the white matter and granule cell layer of the cerebellum. [1] [2] [3] [4] Many patients demonstrate cerebral invasion, particularly of the frontal lobes and in the lateral subventricular zone, spinal metastases, or leptomeningeal spread at the time of recurrence or autopsy. The timing of DIPG development, which usually occurs during the first decade of life, 5, 6 strongly indicates a developmental window during which proliferation/differentiation of progenitor cells is affected during the normal development of the pons. Recent work demonstrates that the human pons, particularly the ventral pons (the site where DIPG is formed) expands dramatically during the first 7 months after birth. 7, 8 During this time, neural progenitor cells (NPCs) rapidly proliferate, particularly during the first month of life. NPC proliferation gradually declines between 2 and 7 months of age, following which only rare mitotic cells are observed through the first decade of life. 7 Proliferating NPCs in the developing human and murine pons express the NPC intermediate filament nestin (neuroectodermal stem cell marker), the stem/progenitor cell transcription factors sex determining region Y-box 2 (Sox2), and the basic helix-loop-helix (bHLH) transcription factor Olig2 7, 8 in overlapping and non-overlapping manner. For instance, only about half of nestin+ cells in the ventral human pons express Olig2, and in the murine ventral pons only some Olig2+ cells express Sox2. In the developing human pons, nestin/vimentin-expressing cells were found in the ventral pons but were mainly restricted to the lining of the fourth ventricle, while the majority of the proliferating cells in the pons parenchyma are Olig2+. 7, 8 A second wave of Olig2+ cells appears in the ventral pons during mid-childhood. 8 In a mouse model, deletion of Ink4a-ADP-ribosylation factor and overexpression of platelet derived growth factor (PDGF) in nestin+ cells gave rise to high-grade brainstem glioma. 9 However, gene set enrichment analysis from fresh biopsy tissue revealed that DIPGs have a distinct expression profile compared with supratentorial and other brainstem highgrade glioma. 10 Specifically, DIPGs overexpressed a set of bHLH transcription factors including Olig2, which was present in 70%-80% of cases. 10 Olig2 expression also correlated with DIPG mitosis, aggressiveness, and shorter median overall survival. 10, 11 Rapid advances have been made in the last few years to understand the molecular basis of the disease [12] [13] [14] [15] [16] ; however, the identity of cells that give rise to DIPG is unclear. We analyzed 5 DIPG lines, including one previously uncharacterized line established in our laboratory. We found that Olig2 expression is robust only in DIPG lines maintained in serum-free conditions and that Olig2 expression was important for in vivo engraftment and tumor formation. Isogenic lines maintained in serum from the beginning proliferated rapidly in vitro, expressed stem cell markers, including nestin, Musashi, and Nanog, but failed to form tumors in mice. Olig2-expressing serum-free lines resisted differentiation in vitro, and Olig2 silencing caused cell death in these lines. Immunohistochemistry (IHC) revealed robust Olig2 expression in DIPGs. Taken together, our results argue that Olig2 could be an onco-requisite factor during transformation of NPCs and evolution of DIPG in the human ventral pons.
Methods

Establishment of DIPG Cells in Culture from Autopsy Tissue
Tumor tissue was donated by a 5-year-old boy. Informed consent was received from the family and tissue was harvested in sterile conditions 16 hours after death in the autopsy suite following an institutional review boardapproved institutional protocol (CCHMC Study No: 2013-1245; patient #PBTR3) and examined in the Pathology Core at CCHMC by expert pathologists. Cells were maintained in Dulbecco's modified Eagle's medium F/12 supplemented with heparin (10 ng/mL) and 20 μg/mL of each of epidermal growth factor (EGF), fibroblast growth factor (FGF)2, and PDGFα or with 10% primary serum (see Supplementary material and table for details). Cell proliferation/viability assay was done using CellTiter-Fluor Cell Viability Assay (Promega). Equal numbers of cells (usually 10 000) were seeded in 96-well plates and viability was determined at indicated times. Absolute values from the plate reader were normalized (scaled down to 0-100/120) for simplification purposes and expressed as relative proliferation.
DIPG Differentiation, Immunocytochemistry, and Immunohistochemistry DIPG spheres were differentiated for 5 days in medium containing 5% primary serum. An assay incorporating EdU (5-ethynyl-2'-deoxyuridine) was performed using Click-iT EdU Alexa Fluor 594 (Life Technologies). Immunocytochemistry and IHC were done on differentiated cells and formalin-fixed paraffin-embedded tissue obtained from the Pathology Core at CCHMC, respectively. The following primary antibodies were used: nestin, Olig2, O4 (all from Millipore), Tuj1 (Covance), Neurofilament (Sigma), Sox2, glial fibrillary acidic protein (GFAP), Musashi, PDGF receptor α (PDGFRα) (all from Cell Signaling Technology), EGF receptor (EGFR), and Nanog (both from Epitomics). For immunocytochemistry, appropriate Alexa-Fluor 488 or 594 secondary antibodies (Life Technologies) were used (see Supplementary data for detailed methods).
Orthotopic and flank xenograft
All animal procedures were carried out in accordance with the Institutional Animal Care and Use Committee-approved protocol of CCHMC. Animals were monitored daily by animal care personnel. Two microliters of medium containing 40 000 luciferase+ cells was injected stereotactically into the fourth ventricle of cold-anesthetized P2 nonobese diabetic severe combined immunodeficient gamma (NSG) mice. The coordinates for injection were 3 mm posterior to lambda suture and 3 mm deep. Mice were monitored for neurological behaviors and imaged using the Xenogen IVIS Imaging System (STTARR). For flank xenograft, 1 × 10 6 cells were injected and mice were euthanized after 24 days.
Plasmids and virus
Lentiviral luciferase construct and doxycycline-inducible Olig2 construct were purchased from Addgene. Olig2 small hairpin (sh)RNA and nontarget shRNA clones in pLKO lentiviral transfer vector were purchased from the Lentiviral Core at CCHMC (originally TRC2.1 library, Sigma). Lentivirus was made using the 3 plasmid system following an Institutional Biosafety Committee-approved protocol.
Results
Growth Factor Responsiveness of a DIPG Line Established from Autopsy Tissue
Radiographic imaging showed a large tumor ( Fig. 1A ; Supplementary Fig. 1A , B) in the ventral pons measuring 6.5 × 4.5 × 4 cm in volume. Histopathology of autopsy tissue revealed glioblastoma (GBM; World Health Organization grade IV) with approximately 20% tumor necrosis ( Supplementary  Fig. 1C-F) . Tumor spread was observed in the midbrain, medulla, cerebellum, subthalamic cerebral cortex, oculomotor nerve, and dorsal cervical spinal cord ( Supplementary  Fig. 1G-L) . Sequencing results revealed H3K27M point mutation in H3.3 uniformly in primary pons, left and right anterior pons, right posterior pons, right basal ganglia, and leptomeningeal spread, while TP53 R273H mutation was found in all the above except primary pons (not shown).
To molecularly characterize the tumor cells, we established in vitro cultures by seeding one half of cells in 10% primary fetal bovine serum, and the remainder in growth factor supplemented serum-free medium. Adherent DIPG PBTR3 cells appeared within one week of seeding in the serum condition, and a confluent culture was established in one month (Fig. 1B) . Small and large spheres also appeared within the first 2 weeks of seeding, and the isogenic serum-free line was also established in 4 weeks (Fig. 1C) . Both lines retained the H3.3K27M mutation (not shown). To examine the growth factor(s) required for maximal viability of this DIPG line, we quantitated viable cells in cultures containing single or multiple growth factor combinations. EGF + FGF2 was sufficient to maintain a viable culture (Fig. 1D ). Because FGF18 and its receptor FGFR2c are highly expressed in the developing mouse brainstem ( Supplementary Fig. 2 ) much more than EGF or FGF2 (data retrieved from Allen's mouse brain atlas), we tested whether FGF18 would further enhance growth of DIPGs. No single growth factor, including EGF, FGF2, PDGFα, FGF18, vascular endothelial growth factor α, or a combination of 4 or 5 growth factors could significantly improve viable cell numbers beyond what was achieved with EGF + FGF2, except for PDGFα, which in combination with EGF and FGF2 improved cell numbers by 15%-20% (Fig. 1D) . Among the growth factors we tested, EGF alone was the most effective in being able to maintain about half maximal proliferation of this DIPG line. It is possible that EGF/FGF2-responsive cells were selected in our culture, and other growth factors like FGF18 might play an important role in vivo. In contrast to the serum-free line, no combination of growth factors matched the ability of serum to promote maximal proliferation and viability of the serum line ( Fig. 1E ), suggesting that additional serum factors stimulate DIPG proliferation. Cell-autonomous proliferation of serum-free DIPG cells was also higher compared with normal human fetal brainstem NPCs (Fig. 1F) , and unlike adult GBM lines with constitutively active growth factor signaling (Fig. 1G) , the serum-free DIPG line was completely growth-factor dependent for proliferation and survival (Fig. 1H) . Collectively, our data show that DIPG cells are completely growth-factor dependent and that a combination of EGF, FGF2, and PDGFα is required for maximal viability of serum-free DIPG lines in vitro.
Olig2-expressing DIPG Cells Resist Differentiation In vitro
To molecularly characterize the DIPG lines, we performed immunocytochemistry. During proliferation in 10% serum, the serum line robustly expressed stem cell markers, including nestin, Sox2, Musashi, and Nanog, but did not express Olig2 ( Fig. 2A-E ). About 25% of cells expressed the glial marker GFAP and about 20% of cells expressed the early neuronal marker Tuj1 (Fig. 2F , G). Consistent with others, 17 EGFR was expressed by nearly all cells of our PBTR3 DIPG serum line; however, PDGFRα expression was heterogeneous ( Fig. 2H, I) . Surprisingly, ~40% of these cells were still able to incorporate EdU even in reduced serum condition (5%), but showed no Olig2 expression, indicating that these cells are able to proliferate in suboptimal conditions and in the absence of Olig2 (Fig. 2J) .
In sharp contrast to the serum line, proliferating cells in serum-free spheres strongly expressed Olig2 in addition to nestin and Sox2 (Fig. 3A, B) . Following 5 days of culture in differentiation medium, 90% of cells retained Sox2 and nestin (Fig. 3C, D) . Some of these cells expressed either the glial intermediary filament GFAP or the neuronal filament Tuj1 (Fig. 3E) . About 7% of cells aberrantly coexpressed GFAP and Tuj1 (Fig. 3E) . Despite strong expression of the oligodendrocyte lineage transcription factor Olig2 by the proliferating cells in serum-free spheres (Fig. 3A) , no significant differentiation into O4+ oligodendrocytes was observed (Fig. 3F) . Instead, about 50% of cells continued to express Olig2 without differentiation into oligodendrocytes. A striking observation was the mutual exclusiveness of Olig2 with glial and neuronal differentiation markers. Ninety-eight percent of Olig2+ cells in the differentiation condition did not differentiate into GFAP astroglia or NF+ neurons (Fig. 3G , H, J, K). This observation in our PBTR3 serum-free line was recapitulated by 3 other lines: JHH-DIPG1 (Fig. 3I, L) , SU-DIPG4, and SU-DIPG6 (not shown). To examine the fraction of Olig2+ cells that proliferated under this condition, we used EdU as before. In 3 independent sphere lines (SU-DIPG 4, SU-DIPG 6, and JHH-DIPG1), 30%-35% of Olig2+ cells also incorporated EdU, and about 15% EdU+ cells were Olig2− (Fig. 3M-O) . Therefore, proliferation of serum-free sphere lines in growth factor-free conditions occurred in the presence or absence of Olig2, although we cannot rule out that the Olig2− cells expressed undetectable levels of Olig2. Surprisingly, even prolonged exposure (4 wk) to serum-free conditions failed to restore Olig2 in the serum line. Together, these immunophenotyping results indicate that a serumfree condition allows retention of Olig2, while long-term exposure to serum represses Olig2 expression in DIPG cells.
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Olig2 Expression Is High in DIPGs and Marks Tumor Cells in an Orthotopic DIPG Xenograft
The exclusivity of Olig2 expression in the serum-free PBTR3 line gave us an opportunity to test whether Olig2 expression defines the capacity of cell engraftment and tumor formation in vivo. We expressed luciferase through lentiviral transduction and transplanted equal number of isogenic PBTR3 cells to the fourth ventricle of postnatal day 2 NSG mice. All mice injected with the serum-free line (n = 5) developed neurological symptoms by 6 months, demonstrated strong luciferase signal (Fig. 4A) , and were euthanized. Mice transplanted with the serum line (n = 6) remained tumor free for 12 months. Histological examination of mice injected with the serumfree line showed significantly enlarged pons (Fig. 4B ) compared with mice injected with the isogenic serum line (Fig. 4C) . Detailed examination showed hypercellular infiltration in the pons and white matter of the cerebellum (Fig. 4D,  E) with histopathology similar to high-grade gliomas (Fig. 4F ) seen in humans. Large numbers of diffusely infiltrating tumor cells were observed throughout the midbrain and cerebellum, interspersed with the granule cell neurons, and in the white matter tracts of every cerebellar folia (Fig. 4G) . Leptomeningeal spread, a histopathological feature of DIPGs, was evident in our xenograft model (Fig. 4H) . The overall histopathology of the pons xenograft was similar to that of DIPG with 2 noticeable exceptions: the patient tumor was significantly more vascular and displayed necrosis.
To examine if Olig2 expression is retained in vivo during tumorigenesis, we performed IHC. Nearly all tumor cell nuclei were positive for Olig2 (Fig. 4I-K) . In the cerebellar granule cell layers, Olig2+ tumor cells (Fig. 4K , red arrowheads) were observed scattered among granule cell neurons (Fig. 4K, blue arrowheads) . IHC also showed immunoreactivity of tumor cells for nestin, GFAP, and PDGFRα ( Fig. 4L-N) . Analysis of the original patient tumor (PBTR3) showed strong Olig2 immunoreactivity in about 40% of tumor cells (Fig. 5A) . In this tumor, GFAP expression was low (Fig. 5B) , nestin expression was mainly restricted to endothelial cells of the neovasculature (Fig. 5C ), and only a few tumor cells expressed nestin (Fig. 5C, inset) . To verify whether Olig2 expression is common in DIPGs, we extended IHC to 3 additional tumors. All 3 tumors showed the presence of Olig2+ cells. DIPG #C13-12 was strongly 
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positive for Olig2 (about 45% of cells) and weakly GFAP+, with few nestin+ cells (Fig. 5E-G) . DIPG #C13-54 was strong for Olig2 (about 40%) and highly positive for both GFAP and nestin (Fig. 5I-K) . DIPG #C13-69 had fewer Olig2+ cells (about 15%), many GFAP+ cells, and only a few nestin+ cells (Fig. 5M-O) . Thus, compared with nestin, Olig2 expression is abundant in DIPGs. Our IHC results also showed that all 4 tumors strongly expressed the PDGFα receptor ( Fig. 5D-P) .
Consistent with the PBTR3 line, Olig2 was completely lost in JHH-DIPG1 upon exposure to 10% serum for 3 weeks ( Supplementary Fig. 3A, B) . To examine the mechanism of Olig2 suppression by serum, we performed chromatin immunoprecipitation analysis. Our results showed that while serum-free JHH-DIPG cells demonstrate a significant amount of active chromatin mark H3K4Me3 and diminished inactive chromatin mark H3K9Me3 in the Olig2 transcription start site, long-term serum-treated cells demonstrate the opposite (Supplementary Fig. 3C,  D) , indicating epigenetic regulation of Olig2 by serum factors. Unfortunately, this cell line did not reliably form tumors in vivo (not shown). In another line, CCHMC-DIPG1, serum only partially suppressed Olig2 expression ( Supplementary Fig. 3E, F) , suggesting additional mechanisms of Olig2 regulation in this line. Consistent with Olig2 retention, the serum-exposed CCHMC-DIPG1 line was able to form tumors in vivo. Although tumors grew slowly compared with the serum-free sphere line ( Supplementary Fig. 3G, H) , there was no significant difference in survival (not shown).
Olig2 Is Required for DIPG Proliferation
We examined whether Olig2 is specifically required for the proliferation of serum-free DIPGs. All serum-free lines expressed high levels of Olig2 ( Fig. 6A; Supplementary Fig.  3D ), while the PBTR3 serum line expressed very little Olig2. We validated Olig2 knockdown in the CCHMC-DIPG4 line (Fig.  6B) . The PBTR3 serum line was resistant to Olig2 silencing, confirming the specificity of Olig2 shRNAs (Fig. 6C ). In contrast, all serum-free lines were sensitive to Olig2 knockdown (Fig. 6D-F) . We transplanted CCHMC-DIPG1 expressing nontarget (NT) or Olig2 shRNA to the flank of Nu/Nu mice. While control (NT) cells formed robust tumors within 3 weeks, 
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Olig2 shRNA tumors were significantly smaller (Fig. 6G, H) . Olig2 shRNA tumors, however, showed Olig2 expression, suggesting inefficient silencing or de-repression of shRNA in vivo ( Supplementary Fig. 4A-D) . When transplanted orthotopically, Olig2 knockdown significantly delayed tumorigenesis and enhanced survival of NSG mice (Fig. 6I, J) . Our results suggest that Olig2 expression is retained at high levels in DIPG lines maintained in serum-free conditions, and together our in vitro and in vivo results suggest that the transcription factor Olig2 plays a key role in DIPG proliferation and could be a novel target in DIPG therapy.
Discussion
It is thought that an aborted cell differentiation program in NPCs of the developing pons leads to uncontrolled proliferation and development of DIPGs. In support of this premise, a combination of PDGFRα overexpression, TP53 knockdown, and H3.3K27M mutation in human embryonic stem cellderived NPCs blocked differentiation toward the astrocytic lineage. 18 What factor(s) downstream of DIPG-specific mutations drive aberrant NPC proliferation is unclear. In this study, we report that the bHLH transcription factor Olig2, which is highly expressed in DIPGs, resists differentiation and is likely required for tumor formation in a xenograft model. We established 2 isogenic lines from an autopsy tissue (PBTR3): a serum-free line and a serum line. Both lines expressed the characteristic neural stem cell markers Sox2 and nestin, but only the serum-free line expressed Olig2. In vivo, only the Olig2-expressing serum-free lines were capable of forming diffuse, infiltrative tumors in the mouse pons with 100% penetrance, while the Olig2-negative serum line was incapable of forming tumors despite expressing other stem cell markers. Importantly, Olig2 silencing in a serum-free line significantly delayed tumorigenesis and enhanced survival in mice.
The serum-free line was completely growth-factor dependent for proliferation. It is important to note that both isogenic serum-dependent and serum-free PBTR3 lines expressed the stem cell markers Sox2 and nestin and serum-dependent PBTR3 incorporated EdU without expressing Olig2 in vitro, yet only the Olig2-expressing serum-free PBTR3 formed tumors in vivo. We suspect that chronic serum exposure suppressed Olig2 expression. The requirement of Olig2 for proliferation of serum-free DIPG lines but not serum-dependent PBTR3 is validated by our Olig2 shRNA experiments.
Olig2 is expressed along with Sox2 and nestin in mouse embryoid bodies, which upon differentiation along the neural lineage give rise to Olig2+ multipotent NPCs. 19 Unlike nestin and Sox2, Olig2 is expressed exclusively in the CNS, [20] [21] [22] [23] and during development Olig2-expressing NPCs generate mainly oligodendrocytes and neuronal subtypes. [24] [25] [26] However, Olig2 is also required for neural 
NeuroOncology
stem cell self-renewal and multipotency and is therefore expressed by transit-amplifying cells of the subventricular zone in the mammalian brain. 27 Olig2 is induced by EGF and FGF2 in proliferating mammalian neural stem/progenitor cells and plays an obligate role in self-renewal and proliferation. 28 While Olig2 is expressed by normal NPCs during proliferation, its expression is suppressed during in vitro differentiation and a subset of Olig2-expressing cells robustly differentiates into O4+ oligodendrocytes. 29 Olig2 is not expressed in mature astroglia and accordingly overexpression of Olig2 in NPCs actively blocks astrocytic differentiation but induces oligodendrocyte differentiation. In light of these studies, our results show that DIPG cells maintained in EGF + FGF2-supplemented serum-free conditions express abundant Olig2 during proliferation but, in contrast to normal progenitor cells, retain Olig2 during in vitro differentiation. Importantly, nearly 100% of Olig2+ cells failed to differentiate into oligodendrocytes, neurons, or astrocytes, suggesting a differentiation block in Olig2+ cells. These results suggest that Olig2 regulation might occur perhaps at the epigenetic level. Indeed, compared with normal human NPCs, dramatic overexpression of Olig2 was observed in DIPG lines with the H3K27M mutation, and reduced H3K27Me3 trimethylation (indicative of de-repression) was found in the Olig2 locus. 30 Despite antagonism with astrocytic differentiation, many adult astrocytic gliomas express Olig2 31 and nearly all proliferating cells including CD133+ stem cells in these tumors express Olig2. Indeed, Olig2 was required for glioma genesis in a mouse model of adult high-grade glioma, 32 and Olig2+ oligodendrocyte precursors were defined as the cell of origin of murine glioma. 33 In one study, 100% of proneural DIPGs and nearly 50% of mesenchymal DIPGs (which express GFAP and nestin) expressed Olig2, and median overall survival of children with Olig2+ DIPGs was significantly shorter than the non-Olig2 group (7.73 mo vs 12.37 mo). 10 In another study, 22/24 DIPGs demonstrated Olig2 expression. 11 In our analysis, 3 out of 4 cases showed robust Olig2 expression. Similar to other reports, 3 we observed that nearly 100% of tumor cells in our xenograft model were Olig2+. Because we transplanted cells into the fourth ventricle, it is also possible that the presence of tumor cells on the ependymal surface of the fourth ventricle is due to tumor cell dissemination in situ and not a true leptomeningeal spread. The impact of Olig2 in DIPG is underscored by our result that Olig2 silencing significantly inhibited the viability of Olig2-expressing DIPG lines in vitro and in vivo.
Olig2+ cells are abundant in developing human and mouse pons 7, 8 (our data on mouse brain not shown). Our findings together with results from other labs indicate that some of these proliferating Olig2+ precursor cells could represent a potential cell of origin for DIPGs. The Monje group reported the presence of 2 groups of nestin+ cells in the developing human brainstem-one group present in the ventral pons and another lining the fourth ventricle. 8 The first group of cells also expressed the radial glial marker vimentin but not the astrocytic intermediate filament GFAP, while distribution of nestin and vimentin was variable in the second group of cells. Nearly one-half of the nestin/vimentin double positive cells in the ventral pons also expressed Olig2. Interestingly, while similar to the results of Tate et al, 7 cell proliferation was found to decline rapidly by the first 2 years after birth. Monje et al also observed appearance of a second wave of nestin+/vimentin+/Olig2+ cells around the age of 6 years, a time that parallels the occurrence of DIPG. Tate et al examined 123 autopsy samples of children between the ages of 3 days after birth through 18 years of age. In this study, Ki67+ (proliferating) cells in the pons did not express GFAP; however, 60% of Ki67+ cells colabeled with Olig2. Importantly, even when proliferation sharply declined at 7 months, the Olig2 population remained steady among the remaining Ki67+ cells, suggesting a potential regulatory role of this transcription factor in NPC proliferation in the ventral pons.
Further characterization of our serum-free PBTR3 line could not be done because unfortunately, the line was lost due to contamination. Nevertheless, key results obtained from our serum-free PBTR3 line, particularly retention of Olig2 during differentiation, were recapitulated by 3 other serum-free lines: JHH-DIPG1, SU-DIPG4, and SU-DIPG6. 34, 35 A critical unanswered question is whether (i) mutations occur in a preexisting Olig2+ population or (ii) epigenetic changes induced by the H3K27M mutation reprogram the epigenome of Olig2− cells to become Olig2+ and this regained Olig2 function plays a key role in DIPG pathogenesis. These possibilities may be mutually inclusive, since Olig2-expressing cells are likely to have a selective proliferative advantage due to Olig2-mediated suppression of P53 and P21. 23, 32 Indeed, murine cortical tumors initiated by dedifferentiation of astrocytes that originally lack Olig2, regain Olig2 during tumorigenesis, 36 and following injury, reactive astrocytes acquire Olig2, which is required for the proliferation of these cells during glial scar formation. 37 In summary, an Olig2-dependent transcription program could be critical for DIPG initiation and pathogenesis. Further work is needed to unravel the Olig2-dependent pathways in DIPGs for identification of novel targets downstream of Olig2.
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